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Health Status and Long Bone
Lengths Among Maya Sub-adults
from Two Coastal Sites in Belize
Introduction
A central goal in skeletal growth
and development studies is to understand
population health, which can be used to
reconstruct paleodemography,
paleoecology, nutritional status and
biological adaptation. Growth and
development is a complex process which
involves the interaction of genetic and
envir?nmental influences, although
reachmg the potential of the former is
highly dependent on the latter. Previous
studies of growth patterns among diverse
populations, both modern and
archaeological, have focused on sex-
related differences in growth rates in
response to environmental stressors, socio-
economic affects on growth, differential
growth rates among limb segments within
an individual, and differential growth rates
among skeletal elements of the same bone
(i.e. diaphyseal growth versus articular
growth) (Bogin & MacVean 1982; Crooks
1994; Frisancho et al. 1970; Hoppa 1992;
J~hnst.on 1962; Lovejoy et a1. 1990;
Pmhasl et a1. 2005; Stinson 1985; Walker
1969).
. Clearly, there are inter-population
dIfferences in growth rates reflecting the
complex interplay between population
genetics and environmental stimuli in
affecting growth patterns, velocities, and
eventual adult morphology. In
addition, several studies have also
shown intra-population differences in
growth and development amona
. 0
Immature age groups, which have been
interpreted as resulting from
env~r.onmental factors, namely,
nutntlOn, bio-cultural practices, and
disease (Hummert & Van Gerven
1983; Lovejoy et al. 1990; Pinhasi et
aZ. 2005; Storey 1986).
Growth and development
studies of archaeological populations
typically include analyses of non-
pathological specimens. The
~ss~~ption is that unhealthy
mdividuals will probably have
experienced retarded or arrested
growth at some time, and thus will bias
the results. Conversely, it is assumed
that healthy individuals, those who do
not display skeletal or dental markers
of growth stress or skeletal indicators
of disease, will yield more accurate
results in terms of a population's
growth patterns. Although care is
taken to choose skeletal samples that
appear healthy, the true health status of
such samples is highly questionable
(Wood et af. 1992). As Johnston
(1962:249) has stated:
"[I]t must be
remembered that, no matter
how impressive any
skeletal information
pertaining to immature
individuals may appear,
and particularly when
incremental growth is the
frame of reference, some
degree of error is
introduced by the very fact
that the sample is [original
emphasis] skeletal. It does
not represent the normal,
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healthy, population from which
it was drawn."
The purpose of this study is to
examine growth patterns of immature
individuals with and without observable
skeletal pathological lesions in order to
ascertain if differences exist between the
two groups. Although the lesions observed
in the sample are non-specific indicators
of health stress, it is assumed that the
physiological disturbances associated with
the presence of lesions disrupted skeletal
growth. The age of the individual is
significant in that the timing of the initial
onset of health stress, its duration (acute or
chronic) and the length of time that the
individual survived after stress will
certainly affect the extent to which growth
is compromised.
For instance, if the insult is acute
the individual may not survive long
enough to display skeletal lesions or
experience physiological changes that
influence growth. If the individual does
survive, growth still may not be affected if
the duration of the insult was not long
enough for the skeleton to respond (Bogin
1999). In the archaeological record, these
individuals will appear "healthy" (i.e. no
observable skeletal lesions and no
evidence of retarded growth). Under
chronic conditions where the individual
survives an extended time after the initial
stress, it is expected that health stress
markers will develop on the skeleton, and
that the individual will have experienced
growth retardation. If the chronic
condition occurred only during infancy
and the individual enjoyed favorable
conditions thereafter, some degree of
catch-up growth is expected to rectify,
albeit not completely, the affects of
retarded growth earlier in life (Bogin
1999). The complicated interactions
among the timing of the onset of the health
stress, its duration and its nature will
affect the degree, if any, to which
skeletal growth is compromised.
Materials and Methods
The sample consists of
immature individuals from two
archaeological sites in coastal Belize,
San Pedro and Marco Gonzalez (see
Figure 1). Both sites are located in the
Ambergris Cay region of Belize where
the climate is considered sub-tropical.
The temperature ranges from 13° to
33°C with an average of 24°C
(Maxwell 2003). The Marco Gonzalez
material was recovered in 1986, and
the San Pedro material was recovered
between 1990-1993 under the
supervision of Dr. David Pendergast
and Dr. Elizabeth Graham (Maxwell
2003). Marco Gonzalez was occupied
from the Pre-Classic through Historic
periods, while San Pedro was
predominantly a Terminal Post-Classic
and Historic (1400-1650 C E)
settlement.
Dietary reconstructions
indicate that inhabitants at both sites
enjoyed a well-balanced diet that was
weighted towards marine resources,
although there is evidence that maize
was more important at Marco
Gonzalez than at San Pedro (Williams
et al. 2005). In her study of childhood
health based on linear enamel
hypoplasia, Dolphin found that
"childhood health at these sites was
relatively good by Maya standards,"
(2000: 137). She also found that the
mean number of physiological stress
episodes, measured by the frequency
of linear enamel hypoplasia, increased
with age (2000), which supports the
notion that individuals survived
periodic stress episodes from earlier
life.
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Because sex estimation of sub-
adults is highly problematic, sex can not
be considered as a variable. Age-at-death
estimates are based on dental eruption and
development according to Ubelaker, and
were previously reported by Maxwell
(2003). Diaphyseal lengths of long bones
with unfused epiphyses (i.e. humerus,
radius, ulna, femur, tibia, fibula) were
measured earlier by Maxwell (2003) based
on traditional standards outlined in
Buikstra and Ubelaker (1994). Skeletal
measurements are presented in Table 1.
The number of individuals
available for analyses is small (Marco
Gonzalez n= 9, San Pedro n= 9), and is
further reduced when individuals are
divided into age cohorts. Physical
environment and nutrition are similar
between the two sample populations
(Williams et af. 2005), and Dolphin (2000)
found general overall similarities in
childhood health between Marco Gonzalez
and San Pedro sub-adults. Since it is
assumed that the differences in variables
that affect growth are negligible, sample
populations are combined in order to
maintain sample size integrity.
Simple linear regression is used
in order to graphically represent data
for comparative purposes, and is used
to examine the correlation between
bone length and estimated dental age.
Correlations are interpreted with
extreme caution due to sample size
bias.
Results
Sample distribution frequencies
clearly reveal that older individuals
display skeletal lesions more
frequently than younger individuals
(see Table 2). Children and juveniles
together account for 50% of the
sample, and infants comprise the other
50%. Forty-four percent of the total
sample (8 out of 18) display skeletal
lesions, and out of that 87.5% (7 out of
8) are children and juveniles. These
results are probably an artifact of the
relationship between the age-at-onset,
age-at-death, and disease intensity.
Mean bone lengths of non-pathological
and pathological individuals within
age cohorts are depicted in Figure 2.
Bone lengths overlap considerably,
probably as a result of sampling error.
Humerus
Results for the humerus are
confounded by the fact that healthy
samples are only represented by the
youngest individuals, while the
opposite is the case for older
individuals (see Figure 3). One
pathological infant (1.5-2 years old)
displays a humeral length greater than
a slightly older healthy infant (2-3
years old). Two pathological children
do not appear to display retarded
growth since they fall on the
regression line for the non-
pathological sample, but this
interpretation is only valid if the two
TOTEM vol 15 2006-2007
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tibia 90
humerus 116
ulna 104
femur 144
humerus 65
radius 54.5
ulna 63.5
femur 74.5
radius 51
humerus 162
radius 130
ulna 77
radius 107
fibula 137
radius 142
ulna 154
humerus 181
radius 132
ulna 146
femur 230
tibia 141
fibula 140
humerus 208
radius 162
ulna 175
femur 286
tibia 244
fibula 235
humerus 173.5
radius 138
ulna 150
femur 244
tibia 209
ulna 137
ulna 62
femur 220
humerus 150
radius 122
ulna 131.5
femur 205
tibia 174
fibula 167
humerus 196
radius 162
ulna 178
femur 274
tibia 236
fibula 230
humerus 110
radius 84
ulna 94
femur 149
tibia 118
fibula 116
Table 1. Measurement and pathology data for Marco Gonzalez (MG) and San Pedro (SP) by
burial number and age-at death.
MG
MG
MG
MG
MG
MG
MG
MG
#11-28
#11-4A
#11-6
#12-5
#14-9A
#14-9B
#14-22
#14-28A
#11 2/8A
#112/8B
#11 2/9
#176/2
Est. Age-at-Death in
Years (Y) or Months (M)
Neo-0.5M
1.5-2Y
Observable
Skeletal Lesions
Fetal
4-6Y
0.5-1Y
2.5-3Y
1.5-2.5Y
5.5-6.5Y
6-7Y
3-6M
6-7Y
4.5-6Y
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N Percent of
Total Sample
9 50.0
6 33.3
3 16.7
18 100.0
N Percent of
Total Sample
10 55.6
8 44.4
18 100.0
Infant
Child
Juvenile
TOTAL
Observable
Pathology
non-pathological
pathological
TOTAL
Cohort Number Percent of
with Pathological
Pathology Sample
Infant 1/8 12.5
Child 4/8 50.0
Juvenile 3/8 37.5
TOTAL 8 100.0
Table 2. Summary data for age cohorts
and pathology status for combined sample
populations.
healthy infants are indeed healthy and/or
did not suffer from growth retardation.
One unhealthy juvenile appears to deviate
from two other unhealthy juveniles.
Radius
Radial lengths of pathological and
non-pathological samples are shown in
Figure 4. There is a strong correlation
between age and radial length (R2= 0.973)
among healthy samples, and a very weak
association amon~ those with observable
skeletal lesions (R = 0.525).
The radial lengths of the unhealthy
children cluster around the three
regression lines, while the one healthy
child displays a greater length than an age-
matched unhealthy child. This observation
may be explained by human variation in
limb length and sample size bias.
Results for the ulna are similar to
those for the radius, except that ulnar
length is better associated with age within
the pathological sample (R2= 0.757) (see
Figure 5). As was the case for the
humerus, the one unhealthy infant has an
ulnar length that is greater than an age-
matched healthy individual. The healthy
child who displayed a radial length greater
than an age-matched unhealthy child also
shows the same pattern with the ulna.
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Figure 2. Mean ± 2 standard errors of
bone lengths. _ = non-pathological, _ =
pathological.
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Figure 3. Regression of humerus length
against estimated dental age.
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Figure 4. Regression of radius length
against estimated dental age.
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Figure 5. Regression of ulna length
against estimated dental age.
A few general trends are noted in
the upper limbs. First, the correlation
between age and limb length for the total
sample is lowest in the humerus (R2=
0.826), and comparable in the radius and
ulna (R2= 0.852 and 0.887, respectively).
Smith and Buschang (2004) found that the
proxima1limb segments are more variable
in growth than distal segments. This
pattern is evident in the current study.
Furthermore, in regards to radial and ulnar
lengths the three pathological children (i.e.
individuals estimated between 4 and 7
years of age) appear to show less variation
than the three pathological juveniles (i.e.
individuals estimated between 8 and 12
years of age). This suggests that as age
increases, the cumulative affects of growth
distress suffered from earlier in life
become more apparent.
Based on the cumulative results for
the upper limbs, it appears that the healthy
child (MG #14-28A), represented only by
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a radius and ulna, did not suffer from
growth retardation when compared to age-
matched pathological children. Since there
is not a representative sample of
pathological infants it is difficult to
determine if the healthy infants
experienced growth retardation. If these
infants died from an acute infection, it is
expected that they would not display
observable lesions and it is also expected
that their growth would not have been
compromised. This perhaps explains the
very high correlation between radial and
ulnar lengths with age in the non-
pathological sample, which is mainly
composed of infants.
The one unhealthy infant (MG
#11-4A), who was observed to have
periostitis on the right femur, does not
appear to have experienced growth
retardation when compared to the healthy
infant values. Using isotopic analyses to
determine weaning times among infants at
Marco Gonzalez and San Pedro, Williams
et al. (2005) found that weaning began
after one year of age and lasted until 3 to 4
years of age. Since it is assumed that this
infant was still breast feeding and there is
no evidence of linear enamel hypoplasia,
an indicator of periodic stress during early
development, it is postulated that the
periostitis may have been caused by a
localized infection, and so, systemic
disruptions to growth may not have been
experienced.
Among the juveniles, the same two
individuals display upper limb bone
lengths that are consistently closer to the
regression line for the total sample. One
juvenile (SP #11 2/7B) consistently
displays bone lengths that are well below
the regression lines for the total and
pathological samples. While these results
can be explained by individual variation in
limb length, they may also demonstrate
variation in growth related to the timing
and duration of health stress. For instance,
the overall growth of an individual who
experienced health stress from infancy
onward is expected to be compromised to
a greater degree than that of an individual
who experienced the same health stress
during later development. For this reason,
it is vital to examine the timing of onset of
health stress and its influence on limb
length (see Discussion).
Femur
There is a very strong association
between femoral length and age in both
the pathological and non-pathological
samples (see Figure 6). Though one
pathological juvenile clearly deviates from
all three regression lines, the other two
pathological juveniles fall closer to the
line for the non-pathological and
combined samples than for the
pathological sample. The healthy child (SP
#11 2/9), estimated to be older than the
two pathological children, has a femoral
length intermediate among the three
regression lines. The unhealthy infant
(MG #11-4A) who displayed radial and
ulnar lengths greater than a healthy age-
matched infant, only shows a slightly
lower femoral length than the healthy age-
matched infant. With the exception of the
one juvenile that seems to be an outlier,
health status does not appear to strongly
compromise the longitudinal growth of the
femur.
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Figure 6. Regression of femur length
against estimated dental age.
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Figure 7. Regression of tibia length
against estimated dental age.
Results for the tibia are highly
ambiguous since one unhealthy child and
two unhealthy juveniles fall on the
regression line for the healthy infants (see
Figure 7). The correlation between length
and age in the pathological sample is very
low (R2= 0.611), although this may be due
to sampling error. Previous research on
longitudinal long bone growth has
demonstrated sex differences in the growth
of the tibia where females approaching
adolescence develop slightly longer tibiae
than males (Smith & Buschang 2004). In
addition it has been argued that after
adjustments for bone size, the tibia
displays the most variability in growth
compared to the femur, humerus and
radius, which may be related to
environmental effects combined with the
flexible growth potential of this bone
(Meadows & Jantz 1995; Smith &
Buschang 2004). If the two outliers are
removed (i.e. the one child and one
juvenile that fall below the regression
lines), the unhealthy child and juveniles do
not appear to have suffered tibial growth
retardation which suggests that the tibia is
not strongly affected by poor health.
However, a more representative sample is
needed to verify this interpretation.
Fibula
The fibula is the lower limb bone
best correlated with age within the
pathological sample (R2= 0.844). Like the
tibia, because data for healthy children and
juveniles are not available, it is impossible
to determine if the pathological samples
truly deviate from the healthy fit-line (see
Figure 8). The same unhealthy child that
deviates from the regression lines for tibial
length also shows this same pattern with
fibula length.
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Figure 8. Regression of fibula length
against estimated dental age.
Incremental growth
Mean bone lengths for combined
pathological and non-pathological samples
in each cohort were compared to each
other and to adult female means in order to
examine incremental growth trends (see
Table 3). Since sex estimation of sub-
adults is problematic, adult female
averages are used instead of adult male
averages in order to attain a conservative
estimate of incremental growth during
skeletal maturation.
Infants have attained ~40% of
adult female upper limb length (humerus=
49%; ulna= 34%), children are at ~60%
(humerus= 58%; radius= 60%; ulna=
62%), and juveniles are at ~70%
(humerus= 72%; radius= 74%; ulna=
76%). In the lower limbs, infants have
attained 31% of the adult female mean for
femoral length, children are at ~50%
(femur= 54%; tibia= 47%), and juveniles
are again at ~70% (femur= 70%; tibia=
72%). These results not only illustrate the
different growth trajectories in the upper
versus lower limbs, but they also suggest
that upper and lower limb length
proportions "level-off" just before
adolescence, although a larger juvenile
sample size and a representative
adolescent sample are needed to further
explore this trend.
Cohort Humerus Radius Ulna Femur Tibia Fibula
Length Length Length Length Length Length
(mm) (n) (mm) (n) (mm) (n) (mm) (n) (mm) (n) (mm) (n)
Infants 113 (3) 80 (5) 122.5 (3)
Children 164(3) 131.5 (4) 142 (4) 218 (3) 157.5 (2) 153.5(2)
Juveniles 192.5 (3) 154 (3) 168 (3) 268 (3) 230 (3) 232.5 (2)
Females 282 (3) 218 (3) 233 (3) 401 (4) 333 (4)
Table 3. Mean limb bone lengths from Maxwell 2003.
Discussion
Unhealthy children in general and
two unhealthy juveniles from this study do
not appear to have suffered growth
retardation when compared to the
"healthy" sample, which is composed of
mostly infants. It seems reasonable to
assume that the infants, regardless of
health status, did not suffer from growth
retardation because they did not live long
enough for physiological disruptions to
affect skeletal growth and development.
However, since their in utero environment
cannot be determined from the
archaeological record this assumption may
not be completely valid.
Upper Limbs
Williams et al. found that an
apparently healthy 2-3 month old infant
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(MG #11-5A) had a _15N value enriched
by 2.5%0 relative to the female mean,
which "may reflect the incorporation of
bone formed from nutrients in breast
milk ... however, equilibrium of the body
with breast milk before 2-3 months of age
seems unlikely," (2005:787). The authors
hypothesized that the results may be
explained by: 1) a problem with the age
estimation of this individual, 2) 15N
enrichment due to pathology, or 3) 15N
enrichment due to the mother's above
average _15N values (2005). The authors
support the latter hypothesis. Radial and
ulnar lengths for the healthy sample are
highly correlated with age (R2= 0.973 and
R2= 0.966, respectively), and this infant
does not deviate from the regression line
for the healthy sample, which suggests that
age estimation is probably accurate.
All three juvenile individuals are
unhealthy, but two have upper limb bone
lengths close to the regression line for the
total sample and one individual clearly has
shorter limb lengths. While this may be
attributed to human variation, it seems
more likely that this individual suffered
from significant growth retardation
because the humeral, radial and ulnar
lengths are all well below the line for the
pathological sample. All juvenile
individuals display linear enamel
hypoplasia in addition to skeletal lesions
indicative of poor nutrition and/or non-
specific infection. Thus, although all three
juveniles were unhealthy, the extent to
which health status can compromise
growth is clearly demonstrated within this
sub-sample.
It is tempting to speculate about
the sex of the juveniles. Previous research
has shown that females are more buffered
than males against environmental stressors
that interrupt growth (Bogin & MacVean
1982; Bogin 1999; Stini 1969; Stinson
1985; Wolanski & Kasprzak 1976). In
addition, Smith et al. (2004) found tibial
length to be slightly greater among
females compared to males as adolescence
approaches. Thus, the two unhealthy
juveniles, (SP #11 2/2 and SP #17 6/3),
who consistently display greater bone
lengths than the unhealthy, age-matched
"outlier" juvenile may be females while
the latter may be a male.
Lower Limbs
In the lower limbs, a different
pattern is observed than in the upper limbs
(see Table 4). The correlation between
length and age is greatest with the
proximal limb segment and slightly lower
with the distal segments for the total
sample. In addition, lower limb lengths
among pathological individuals are better
correlated with age than upper limb
lengths. This suggests that limb growth is
not only coordinated differently between
the upper and lower limbs, but that health
stresses that disturb skeletal growth may
have a greater impact on the upper limbs
than the lower limbs.
This may be related to the
functional roles of the upper versus the
lower limbs. Retarded growth in the upper
limbs will not affect the overall size of an
individual, but growth retardation in the
lower limbs will certainly influence
eventual adult stature. It has been argued
that decreased stature is an adaptive
response to adverse environmental
conditions (Frisancho et al. 1973; Nickens
1976). However, a population level
genetic change is expected to occur if
conditions are chronically severe where
such an adaptation would be
reproductively beneficial. Dolphin's study
indicated that childhood health conditions
at Marco Gonzalez and San Pedro were
relatively good compared to other Maya
regions (2000), and so it is expected that
an adaptation to stature reduction at the
TOTEM vol 15 2006·2007
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ulna 0.887 fibula 0.844
femur 0.882 femur 0.816
tibia 0.862 ulna 0.757
radius 0.852 humerus 0.722
fibula 0.851 tibia 0.611
humerus 0.826 radius 0.525
Table 4. Summary data of R2 values of bone lengths regressed against estimated dental age
within combined samples (pathological and non-pathological) and pathological samples. In
the upper limbs, ulna length appears to be best correlated with estimated dental age
regardless of health status. In the lower limbs, fibula length is best correlated with estimated
dental age among unhealthy individuals. Overall, lower limb bone lengths (femur, tibia and
fibula) appear to be better correlated with estimated dental age among unhealthy individuals.
R2 total upper
limb
ulna 0.887
radius 0.852
humerus 0.826
population level would not be necessary
for survival.
Femoral lengths for age-matched
infants and children regardless of health
status do not differ greatly. Together, these
results may suggest that the proximal
lower limb segment, unlike the proximal
upper limb segment, may be less affected
by health stress particularly in populations
that are not experiencing a downward
trend in stature as an adaptive response to
adverse conditions.
As previously mentioned, the tibia
displays the greatest variability in length
since its growth seems to be more
susceptible to environmental stimuli than
other limb bones (Meadows & Jantz 1995;
Smith & Buschang 2004). The results
from the present study do not seem to
support this idea. One unhealthy child and
two unhealthy juveniles display tibial
lengths closer to the regression line for the
healthy rather than unhealthy sample.
However, the healthy sample only consists
of two infants so a better representative
sample is needed to support this
interpretation.
Dolphin (2000) found that all three
juveniles displayed linear enamel
hypoplasia so it is reasonable to assume
that they all experienced periodic stress
earlier in life. The one unhealthy juvenile
R2 pathological upper
limb
ulna 0.757
humerus 0.722
radius 0.525
R2 total lower
limb
femur 0.882
tibia 0.862
fibula 0.851
R2 pathological
lower limb
fibula 0.844
femur 0.816
tibia 0.611
that displayed very low upper limb lengths
also shows the same pattern in the lower
limbs, which suggests that the health
stresses endured by this individual had a
greater affect on overall growth than the
health stresses experienced by the other
two unhealthy juveniles. One unhealthy
child does not appear to display retarded
growth in any skeletal bone except for the
tibia and fibula. The femoral length of this
child is above all three regression lines,
which suggests that femoral growth was
not retarded. If the health status of this
child began to affect growth during the
peak growth period of the distal limb
segments, then the radius and ulna should
also show growth retardation. This is not
the case. This child may have suffered
from localized stress, perhaps specific to
the growth plates of the tibia and fibula.
Conclusion
Overall, there do not appear to be
any significant growth differences
between healthy and unhealthy age-
matched individuals, but this is not to say
that such differences do not exist. The data
presented in this study should be re-
examined when comparative data from
other Maya sub-adults become available.
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The fact that a sub-adult did not survive to
maturity calls attention to the unnatural
nature of the individual's death, especially
if obvious trauma is not observed on the
skeleton.
The health status of an individual
is determined by the presence or absence
of observable skeletal pathological lesions,
and the biased association between age-at-
death and visible health stress markers
illustrates the difficultly in reconstructing
growth patterns from archaeological
samples based on health status. The
archaeological record is fraught with
uncertainties, such as described by the
Osteological Paradox (Wood et af. 1992).
The dubious nature of health status adds to
the complexity of reconstructing growth
patterns among immature individuals.
When soft tissue is not preserved, the
health status of an individual can only be
determined by the presence or absence of
skeletal stress markers. While this is an
informative method of differentiating the
sick from the healthy, it is by no means
accurate since skeletal health stress
markers may not immediately appear once
an individual falls ill. Thus, while every
attempt may be made to choose healthy,
lesion-free individuals for growth studies,
there is no guarantee that such individuals
are indeed healthy.
An examination of both
pathological and non-pathological
individuals should be included in growth
studies in order to determine the degree of
variability in growth trends between the
two groups. The cross-sectional nature of
growth studies from archaeological
populations coupled with the incomplete
and fragmentary nature of skeletal
remains, sampling bias, errors in age-at-
death estimations, individual variation and
other uncertainties inherent in the
archaeological record dictates that the best
approach for reconstructing health and its
affects on growth is by usmg multiple
lines of evidence.
While it has been argued that the
archaeological record will never reveal the
true reality of the past, attempts at
reconstructing the life ways of earlier
populations should not be abated. Instead,
bioarchaeological data should be
interpreted with the osteological paradox
in mind, and every attempt should be
made to include several lines of evidence
in order to substantiate interpretations.
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